INTRODUCTION
Chlorophyll is the major tetrapyrrole in plants and 6-aminolevulinate (6-ALA) is the first committed intermediate in this pathway. The synthesis of 6-ALA has been examined in barley and requires a chloroplast glutamyl-tRNA (8-ALA-RNA) (17) . 8-ALA-RNA has been isolated from greening barley and sequenced (33) . This revealed an anticodon for glutamate and a characteristic glutamate tRNA sequence. It was therefore of interest to determine whether the 8-ALA-RNA and the glutamate tRNA for protein synthesis are encoded by a single gene and whether the two RNA molecules are differentially expressed at the transcriptional or posttranscriptional level.
Chloroplast glutamate tRNA genes have been sequenced in wheat (31) , spinach (14) , pea (32, 35) . tobacco (26) , broad bean (21) , Euglena (13) , and liverwort (27) . In all cases, including tobacco (36) and liverwort (27) in which the entire chloroplast genomes have been sequenced, only one glutamate tRNA gene has been identified in the chloroplast DNA. The glutamate tRNA gene is located adjacent to the tyrosine tRNA gene and near to the aspartate tRNA gene. Transcription has been established for pea, tobacco and spinach (14, 26, 32) gene have been determined by S1 mapping in tobacco.
To isolate the barley gene encoding fi-ALA-RNA and to determine whether it is homologous to the chloroplast glutamate tRNA genes of other species, ~5-ALA-RNA and a synthetic nucleotide oligomer identical to part of its sequence were used as hybridization probes. The DNA sequence encoding the 8-ALA-RNA is presented. A single chloroplast gene encodes both the 5-ALA-RNA and the glutamate tRNA. The barley and wheat sequences are nearly identical in the 1.4 kb region sequenced in both species (30, 31) . However, the region of homology with tobacco is limited to the tRNA genes and the 60 base pairs nearest the glutamate tRNA gene. The 5' and 3' ends of the transcripts as identified by S I analysis were determined. therefore contains the anticodon. The second oligomer corresponds to 18 nucleotides of the glycine tRNA gene (GCC) encoded by the chloroplast and contained on the barley chloroplast clone pHvC35 (28, 29) . This sequence, 5' AAACATCTCCTTGCCAAG 3' is denoted GLY-oligo in the text. The synthetic probes were labelled at the 5' end with T4 polynucleotide kinase (22) . The barley glutamate tRNA gene, contained on a 224 base pair Sau3A-Asp700 fragment (bases 307-531, Figure 5A ) was cloned into the Sinai site of the expression vector pGEM3 (24) (Promega Biotec). This clone is pGHCglu3. An RNA probe was made by transcription of the linearized plasmid according to the manufacturers instructions by incorporating (ct-32p)UTP or CTP (> 600 Ci/mmol) into the reaction mix. All isotopes were purchased from New England Nuclear.
MATERIALS AND METHODS

Plant material
Hordeum vulgare L. cv. Svalofs Bonus was grown for seven days at 23 ~ Seedlings routinely received 0, 6, 12 or 24 hours of light before harvest. Leaves were harvested, stored on ice and ground in a blender modified with additional razor blades (16).
Hybridization probes
5-ALA-RNA was isolated from barley plastids as described previously (17) . It was either 5' end-labelled with (a-32p)ATP ( > 7000 Ci/mmol) by T4 polynucleotide kinase or 3' end-labelled with (5'-32p)pCp (2000-4000 Ci/mmol) by RNA ligase (Pharmacia). Two oligomers were synthesized on an Applied Biosystems Oligonucleotide Synthesizer. Both oligomers correspond to the same region from their respective tRNAs. One corresponds to 18 nucleotides of the ~-ALA-RNA which has been isolated from barley plastids and sequenced (33) . The sequence, 5' GGA-CATCTCTCTTTCAAG 3' (Figure 5A ), is denoted ~5-ALA-oligo in the text and is identical to both part of the ~-ALA-RNA (33) and to the wheat chloroplast glutamate tRNA sequence (31) . It corresponds to a section of the tRNA from the 3' portion of the D-loop stem to the first base of the 3' portion of the aminoacyl stem and
Isolation of the 5-ALA-RNA gene
High molecular weight barley DNA was isolated according to NAGAO et al. (25) except that 0.1% Triton was used and the Percoll gradients were omitted. Chloroplast DNA was isolated as described by KOLODNER and TEWARI (19) except that after lysis of chloroplasts and phenol extraction, DNA was purified by cesium chloride density gradient centrifugation (11) . Barley endosperm DNA was a gift from A. BRANDT.
Plasmid DNA minipreparations were made by the alkali method (2) . Plasmid DNA was also purified from one liter amplified cultures with cesium chloride gradient centrifugation (5, 12) .
Subcloning into pUCI3, pUC18 (38) , or pGEM3 plasmids, fine structure restriction mapping, and insert preparation from agarose and acrylamide gels was as described (34) . Colony hybridization was according to (9) . The nucleotide sequence was determined after endlabelling, restriction digestion and purification of fragments according to MAXAM and GILBERT (23) .
Hybridizations using ~5-ALA-RNA or the synthetic oligomers as probes were carried out in 6X SSC, 0.25% blotto (15) , 0. 1% SDS at 56 or 42 ~ respectively. Filters were washed with 6X SSC at 52 ~ Hybridizations with the ~5-ALA-oligo could be washed even at 60 ~ (Td = 52 ~ without much loss of the signal.
Analysis of RNA
Chloroplasts were isolated according to GRUISSEM et al. (8) except the Percoll gradients were 34% Percoll (1) containing 1% Ficoll, 1% bovine serum albumin, and 3% polyethylene glycol in grinding medium. The resuspended chloroplast pellet was layered onto this mix in Beckman screw cap 60Ti tubes and centrifuged for 20 minutes at 40,000xg. Chloroplasts were collected, lysed, and the RNA purified by centrifugation through cesium chloride cushions for 12 hours at 125,000xg (29) . Soluble RNAs were isolated directly from leaf tissue by grinding in guanidinium hydrochloride (4) and precipitation after cresol treatment (18) .
RNAs were denatured, electrophoresed through 1% MOPS-agarose gels, and blotted onto nitrocellulose as described by MANIATIS et al. (22) . Hybridizations of Northern blots used RNA from SP6 transcription of pGHCglu3 as the probe. Hybridization was carried out according to the manufacturers instructions at 56 ~ Filters were washed in 2X SSC at 56 ~ and exposed to film (XAR, Kodak) for at least four hours.
S I nuclease analysis was carried out as described by FAVALORO et al. (7) to establish the 5' and 3' ends of the RNA transcripts. Five micrograms of RNA isolated from plants grown under several light regimes were used. The labelled DNA fragments were isolated for S I hybridization as described for sequence analysis. Several DNA fragments were used in order to establish the ends for each tRNA gene transcript and are described in the text. Hybridizations between RNAs and DNA templates were carried out in 10/al in capillary tubes at 48 ~ overnight. The S I digestion was performed with 1000 units of S I nuclease (Sigma) per reaction. S1 resistant hybrids were visualized by autoradiography after electrophoresis on 6 or 8% acrylamide-urea gels.
RESULTS
Isolation of the/$-ALA-RNA gene
Four bands of hybridization were detected when end-labelled 6-ALA-RNA was hybridized to chloroplast DNA digested with HindIII (Figure 1 ) . No hybridization was detected to the total genomic or endosperm DNAs, confirming that the ~i-ALA-RNA is chloroplast encoded. The barley chloroplast genome was subcloned into the plasmids pBR322 and pBR325 by POULSEN (29) . These clones were hybridized to 5-ALA-RNA. Of particular interest were the clones pHvC35 and pHvC208 which contain a common 3.9 kbp Pstl-Hindlll fragment ( Figure 4 ). Hybridization of end-labelled ~3-ALA-RNA to dot blots of these clones has been shown previously (17) , Digestion of the clone pHvC208 (29) with Hindlll and Pstl for Southern blot analysis released five fragments including a 9.5 kbp fiagment and the 3,9 kbp fragment. Hybridization occurred primarily to the 9.5 kbp fragment of the pHvC208 clone rather than to the common 3,9 kbp fragment (Figure l). The synthetic oligomer 8-ALA-oligo hybridized only to the 9.5 kbp HindIII fragment of the chloroplast DNA. These results were further confirmed by hybridization of the synthetic 6-ALA-oligo and GLY-oligo probes to nuclear and chloroplast DNAs, The glycine tRNA oligomer was used because it is encoded on pHvC35 (28) . Hybridization with these synthetic probes distinguished between the pHvC35 and pHvC208 fragments ( Figure 2 4.6 kbp. However, each hybridized only to their respective HindlIl clones (GLY-oligo to the 4.3 kbp of pHvC35 and ~5-ALA-oligo to the 9.5 kbp ofpHvC208). The probes did not hybridize with nuclear DNA. The 9.5 kbp HindIII fragment from pHvC208 was subcloned into pUCI3 to generate pHvC208-9.5. Preliminary restriction site mapping demonstrated that the restriction endonucleases Apal, EcoRI, HpaII, and SphI cleaved the fragment once (data not shown). A 1.6 kbp HindIII-EcoRI fragment (Figure 4 ) which hybridized to the ~5-ALA probes was subcloned into pUCI8 to generate pHvC208-1.6. The ~5-ALA-RNA hybridized to the subcloned 9.5 and 1.6 kbp inserts of pHvC208 and also to the pHvC35 insert (Figure 3) . The 3-ALA-oligo probe hybridized only to the pHvC208 inserts.
Characterization of the gene
The fine structure restriction enzyme mapping and sequencing strategy of the 1.6 kbp Hindlll-EcoRI insert is presented in Figure 4 . The HaeIIl, Hinfl, and Rsal fragments were subcloned into the SmaI site of pUCI8 for sequencing. To confirm the sequence across the Hindlll site, an Ncol-Pvul fragment spanning the site (Ncol at base 4140 in pHvC35 (28) Pvul at base 1224 in pHvC208-1.6) was isolated from the pHvC208 insert and sequenced.
Comparison of this sequence with tRNA sequences reveals that the 1.6 kpb fragment encodes three tRNA genes, glutamate (trnE, UUC), tyrosine (trnY, GUA) and aspartate (trnD, GUC) tRNA ( Figure 5A ). The cloverleaf structures of the three tRNAs are shown ( Figure  5B ). The trnE is 73 nucleotides long, trnY is 82 and trnD is 75. In all chloroplast glutamate tRNA genes there is an A at nucleotide 53 which can pair with a U at nucleotide 61 rather than the "invariant" G-C pair found in other chloroplast tRNA genes ( Figure 5B) (14, 26, 30, 31, 35) . The sequenced 8-ALA-RNA gene from barley was therefore identified as the glutamate tRNA gene.
These three barley chloroplast tRNA genes show strong homology with their counterparts in other chloroplast genomes. The barley chloroplast trnE gene was identical to the wheat chloroplast gene and more than 95% homologous to the tobacco, pea and bean chloroplast genes. The trnY gene was identical to that of wheat and 96% homologous to the dicot sequences. The barley trnD gene was identical to that of wheat and differed in only one nucleotide from that of tobacco.
The nucleotide sequences of the regions flanking the three encoded tRNAs in barley and wheat were compared ( Figure 5A ). Approximately 400 bases in barley and 250 bases in wheat 5' of the trnE gene were compared. In barley there is an insertion of 153 bases in the region close to the HindlII site. There is an inverted repeat five nucleotides in length on either side of the insertion. In the remaining 5' region there were only six base changes and three small insertions. The barley sequence was also compared with those of the dicots, but the homology disappeared within approximately 60 nucleotides upstream oftrnE. In the 3' flanking region there were only four nucleotide changes and seven small insertions or deletions between barley and wheat while there was no homology with the tobacco sequence.
The regions between the three encoded tRNAs also show homology with the homologous regions in other plant species. The barley and wheat sequences are identical in the trnE-trnY intergenic region. There was approximately 77% overall sequence homology between this region in barley (61 bp) and tobacco (59 bp). There were nine nucleotide changes plus four insertions or deletions (less than 15 bp) in the trnY-trnD intergenic region when barley was compared with wheat. When this region of barley was compared with tobacco there was no apparent homology although this was difficult to determine since it is 69% A and T and approximately 100 nucleotides in length in tobacco and 350 in barley and wheat.
Analysis of RNA
Steady state levels of the three RNAs were examined by hybridizing the pGHCglu3 transcript to RNAs which had been diluted sequentially and spotted onto nitrocellulose. These RNAs were isolated from barley plants receiving 0, 6, 12, or 24 hours of light before harvest. The steady state levels of RNA did not change during the first 24 hours of greening. Transcription was easily detectable after 16 hours exposure when 100 ng of any of the RNAs were spotted (data not shown). The pattern of hybridization was also the same when these RNAs were electrophoresed, blotted onto nitrocellulose, and hybridized. An example of an autoradiogram showing the sizes of steady state transcripts detected with RNA isolated after six hours illumination is shown in Figure 6 . One large presumptive precursor of approximately 2000 nucleotides was detected as well as RNAs of approximately 450 and 230 nucleotides. Transcripts of the processed size (75 nucleotides for trnE) were also observed.
The large size of the presumptive precursor suggests that all three tRNA genes are cotranscribed, as has been shown for tobacco (26) . Additionally, the same pattern of hybridization occurs when either a 5' probe (containing only trnE) or a 3' probe (containing trnD and the remaining 3' region of pHvC208-1.6) was used (data not shown). Therefore, to determine the 5' and 3' ends of the transcripts, S I mapping was done. The results are summarized in Figure 7 . The 531 base pair HindlII-Asp700 fragment was 5' end-labelled and digested with Rsal. The resulting 389 nucleotide fragment was used as the DNA template ( Figure 7 , probe 1). After hybridization with RNA, the S1 resistant fragments detected were approximately 147-8 and 187 nucleotides in length. The end of the resistant hybrid of 147-8 nucleotides corresponded to the GT located 24-25 nucleotides upstream of the trnE gene and is the predicted initiation site ( Figure 5A, c) . In tobacco, the only other species where the chloroplast trnE RNA has been analyzed by S 1 nuclease, the predicted initiation site is located at the G in the identical sequence located 24 nucleotides upstream of the trnE gene (Figure 8) .
When the 3' end-labelled 158 nucleotide HinfI-HaelII fragment ( Figure 7 , probe 2) spanning the trnE and trnY genes was used for hybridization with RNA, the 158 bp hybrid fragment was protected confirming that the trnE and trnY genes are cotranscribed. For all experiments E. coli tRNA was also hybridized to the end-labelled DNA as a negative control resulting in lack of protection (data not shown).
Several DNA probes were used to determine whether trnD is cotranscribed with trnE and trnY. First a fragment which does not span the entire region from trnY to trnD was used. It consists of a 3' end-labelled 303 nucleotide fragment from the AluI site within trnY to the RsaI site 60 bases upstream from the trnD gene. The entire hybrid fragment was resistant to S1 when it was assayed. Therefore, a fragment spanning from the AvaI site in trnY to the HpalI site 3' of the trnD gene was 3' end-labelled and assayed ( Figure 7, probe 3) . Two resistant hybrids, of 72 and 122 bp in length, were detected. The 72 bp resistant hybrid corresponds to the mature processed trnY. The end of the second resistant hybrid of 122 bp corresponds to the first A in the sequence TTTTTCTCCCAxAAAAT ( Figure 5A , nucleotide 677). This end may signify a transcript intermediate containing both trnE and trnY. A third DNA template, which was 5' end-labelled, was also assayed. The fragment was 408 bp and spanned from the AluI site within trnD into the trnY gene at the HaelII site ( Figure 7, probe 4) . A 46 bp fragment was protected corresponding to the mature trnD. In addition, a 408 bp resistant hybrid was detected after S 1 digestion as expected for a transcript covering all three tRNA genes.
A 326 nucleotide 3' end-labelled AluI-HpalI fragment was used for analysis of the 3' end of the unprocessed transcript ( Figure 7 , probe 5). Three strong S 1 resistant hybrids were detected. One was 28 nucleotides in length, corresponding 
,, oA'G-C., " fragments which contain either tRNA genes with enough homology to ~-ALA-RNA to cross hybridize under the conditions used or to tRNA genes hybridizing with tRNA species contaminating the 5-ALA-RNA preparation. Hybridization of the four kbp band could be shown to be due to tRNA contaminating the (3-ALA-RNA preparation: The (~-ALA-RNA fraction gives rise to several stainable bands upon acrylamideurea gel electrophoresis. The RNAs from these bands can be eluted and assayed for their ability to function as tRNAs. Methionine and glycine tRNA activities were detected in bands isolated from the 6-ALA-fraction (BERRY-LowE and GOUGH, unpublished data). Both methionine tRNA and glycine tRNA genes are encoded by pHvC35 (28) . The sequence of glycine tRNA is more similar to glutamate tRNA than is methionine tRNA, so a synthetic oligomer to glycine tRNA was synthesized for use as a control hybridization probe. The results show that strong hybridization occurred to the pHvC35 insert of four kbp when the GLY-oligo and 8-ALA-RNA probes were used but not when 8-ALA-oligo was the probe.
Sequence homology among species of this chloroplast region: The barley sequence is on average 94% homologous with the wheat sequence across the entire sequenced region. The three tRNA gene sequences are identical while the intergenic and flanking regions are highly homologous. This is not suprising since both barley and wheat are monocots. Extensive homology even in the intergenic regions was also reported between the dicots pea and broad bean (32) . When monocot sequences are compared with dicot sequences homology is restricted to the region immediately 5' to the trnE gene and within the trnE-trnY intergenic region. It has been proposed that during evolution several rearrangements have occurred in the chloroplast genome as monocots and dicots have diverged (6, 31) . Although the three tRNA genes are within the region which has rearranged, they retain the same order and spacing. The homology in the 5' region of the trnE gene suggests that common regulatory elements are present. (27) . An 82 codon ORF was found in the broad bean sequence just before the trnE gene (21) . There is 50% amino acid homology with 19 codons of the 33 codon ORF in barley. The pea sequence also contains part of this ORF but it is shortened and has at least one deletion in it (32) . Therefore, it is likely that this open reading frame is too small to encode a functional protein, particularly since no promoter-like sequences could be detected upstream of it. Characterization of the RNA transcripts: The steady state levels of transcription of the three genes have been shown in barley (this paper), tobacco (26) , spinach (14) , and pea (32) . POULSEN (29) detected three light-induced transcripts in the pHvC208 region. However, two of these transcripts originate from within the pHvC35 clone and the other begins very far downstream from this region with the three tRNA genes. There was little or no effect of light on the steady state amount of these tRNA genes when the subcloned glutamate tRNA gene transcript of SP6 was used as a probe. When Northern blots were hybridized with this same probe four bands were detected. One corresponds to the processed size of the tRNA. Two other transcripts were about 450 and 230 nucleotides in length and these probably result from the partial processing of a precursor molecule. There was also one very large band of greater than two kb. This molecule is very large but must be the primary transcript which needs to be at least one kb if the three tRNA genes are cotranscribed. The precursor for the cotranscription of the three tobacco genes is 400 nucleotides in agreement with the trnY-trnD intergenic region being only 108 bp (26) .
In barley there seem to be two strong initiation sites at the 5' end of the trnE gene. The first correlates to a GT sequence which is about 24 nucleotides upstream from the start of the gene ( Figure 5A, c) . This is identical to the start of transcription in tobacco (Figure 8 ) (26) . The second site is about 63 nucleotides upstream from the trnE gene ( Figure 5A, d, Figure 8 ).
There are sequences which are similar to -35 and -10 sequences ( Figure 5A , i and h, respectively). There is good homology between all the higher plant sequences in the immediate 5' region, although the wheat and barley genes have an insertion in the region between the initiation site and the -10 sequence which is not present in the dicots (Figure 8 ). S1 analysis identifies the three individual tRNAs, a transcript starting 5' to the trnE gene and ending approximately 930 bases downstream and 3' of the trnD gene. S ! analysis also documents a transcript extending beyond the HpalI site of this region. Finally a transcript of about 450 bases covering only the trnE and trnY genes is identified.
Sequences involved in initiation of transcription: Chloroplast tRNA genes have both eukaryotic and prokaryotic promoter consensus sequences. The nucleotide sequences of chloroplast tRNA genes are more similar to those of prokaryotic tRNA genes. However the 3' CCA is not encoded by the chloroplast genome and chloroplast tRNAs may contain introns, two traits of eukaryotic tRNA genes. The regions of tRNA and protein genes likely to have regulatory sequences have been examined and compiled (3, 20, 37) . A prokaryotic-like -35 sequence has been proposed for plastids: ATTGANA (37), TTGACA (20) , or TTGANT (3). This consensus sequence is separated by 14-25 nucleotides from a prokaryotic-like -10 sequence of: TAAGAT (37) or TATAAT (3, 20) . However, in addition to these sequences, chloroplast tRNAs also have sequences homologous to two RNA polymerase III consensus sequences found within eukaryotic tRNA genes (35) . These consensus sequences are: TGGCNNAGTGG and GGTTC-GANNCC. Finally, the consensus sequence, GTANTAAAA, has been suggested for the 5' region of Euglena tRNA genes and has been detected in peas (32) .
All of these sequences have been detected in the 1.6 kbp fragment encoding the trnE, trnY, and trnD genes ( Figure 5A, a, b, c, d , e, f), although the Euglena consensus sequence is not found in the 5' region oftrnE. These results are summarized in Figures 5A and 8 . The specific function of each of these sequences is not fully known although deletions between the -35 and -10 sequences have resulted in decreased transcription (10) while chloroplast tRNAs containing the internal RNA polymerase III sequences ( Figure 5A , e, f) were transcribed by HeLa cell transcription extracts (35) . It is interesting to note that extracts from E. coli may transcribe from regions which resemble prok~/ryotic promoters but which in fact are not utilized by the homologous RNA polymerase in chloroplast extracts (l 0).
In conclusion, data are presented showing that the 8-ALA-RNA gene is identical to the glutamate tRNA gene from barley chloroplasts. This glutamate tRNA gene is cotranscribed with the tyrosine tRNA gene and probably the aspartate tRNA gene. They are transcribed in the dark and upon illumination. The DNA sequence of this region is almost identical to those from other chloroplasts. It has to be assummed that the 8-ALA-RNA is distinguished from the glutamate tRNA which functions in protein synthesis by posttranscriptional modifications.
